Ectodermal teloblastogenesis in the oligochaete annelid Tubifex is a spatiotemporally regulated process that gives rise to four bilateral pairs of ectoteloblasts (N, O, P, and Q) that assume distinct fates. Ectoteloblasts on either side of the embryo arise from an invariable sequence of asymmetric cell divisions of a proteloblast, NOPQ, which occur with a defined orientation with respect to the embryonic axes: the N teloblast is generated first and located ventralmost, and the Q teloblast, which is generated next, is located dorsalmost; finally, the O and P teloblasts are generated by almost equal division of their precursor cell, OP. Polarity of teloblastogenesis on one side of the embryo is a mirror image of the other; this mirror symmetry of ectoteloblasts about the embryo's midline gives rise to the bilaterally symmetric organization of the ectoderm. In this study, we examined whether cellular interactions are involved in specification of polarity of asymmetric cell divisions in NOPQ cells. 
Introduction
Asymmetric cell divisions that give rise to daughter cells with different developmental properties are one of the basic mechanisms for generating cell diversity during development, and occur in nearly all of the animals during their embryonic development (Gurdon, 1992; Horvitz and Herskowitz, 1992 ). An additional important feature of asymmetric cell divisions is that they take place with a defined orientation with respect to the body axes . The relative orientation of the different daughter cells to each other and to the body axes gives each asymmetric cell division a polarity. It is no doubt that their parent cells might acquire polarized properties that foreshadow the polarity of the ensuing asymmetric cell division. At present, very little is known about how these polarities are established.
Ectodermal teloblastogenesis in clitellate annelids (i.e., oligochaetes and leeches) provides an intriguing system to investigate the mechanisms for the acquisition of cell polarity. Teloblastogenesis is a process during which ectodermal teloblasts (ectoteloblasts N, O, P, and Q) on either side of the embryo are produced through an invariable sequence of cell division of a proteloblast, NOPQ, which is derived from the second micromere 2d ( Fig. 1 ; Shimizu and Nakamoto, 2001 ). In the oligochaete Tubifex, the N teloblast is generated first and located ventralmost, and the Q teloblast, which is generated next, is located dorsalmost; finally, the O and P teloblasts are generated by almost equal division of their precursor cell, OP (Fig. 2) . Thus, when teloblastogenesis is complete, ectoteloblasts are organized in the order of N, O, P, and Q along the ventrodorsal axis on either side of the embryo. These four ectoteloblasts assume cell fates distinct from each other (Arai et al., 2001) , suggesting that each cell division occurring during teloblastogenesis is asymmetric. Furthermore, it is evident that these asymmetric cell divisions occur with a defined orientation with respect to the dorsoventral and anteroposterior axes. It is no doubt that NOPQ cells are polarized before their division into N and OPQ so that an N fate is specified in the side of an NOPQ cell distal to the midline, and an OPQ fate in the opposite (proximal) side. In intact Tubifex embryos, the organization of ectoteloblasts, which exhibits mirror symmetry about the midline, gives rise to the generation of bilaterally symmetric organization in the ectoderm.
The present study was undertaken to gain an insight into the mechanisms underlying specification of polarity of teloblastogenesis in the Tubifex embryo. The objectives of this study were to determine the timing of polarity specifi- 2H ). N teloblasts are born first (C), Q teloblasts next (D), and then O and P teloblasts (E, F). Scale bar, 100 Am. cation in NOPQ cells and to determine whether specification of NOPQ's polarity depends on external cues. For this purpose, we utilized embryological techniques such as cell ablation and transplantation in combination with labeling of specific blastomeres with lineage tracers. The results reported in this paper show that NOPQ cells, which do not initially have a rigidly specified polarity, become polarized through external cues and that the competence of NOPQ cells to respond to external cues tapers down before their division into N and OPQ.
Materials and methods

Embryos
Embryos of the freshwater oligochaete Tubifex tubifex (T. hattai)
1 were obtained as previously described (Shimizu, 1982) and cultured at 22jC. For the experiments, embryos were all freed from cocoons in the culture medium (Shimizu, 1982) . Unless otherwise stated, all experiments were carried out at room temperature (20 -22jC).
Sterilization of solutions, glassware, and embryos
The culture medium, agar, and pipettes were all autoclaved for 20 min at 120jC. Petri dishes were heatsterilized in a 180jC oven for 2 h. Forceps and needles were also occasionally sterilized with 100% ethanol. To sterilize their surface, cocoons were treated with 0.02% chloramin T (Wako Pure Chemical Co., Osaka, Japan) for 3 min, and washed thoroughly in three changes of the culture medium. Subsequent handlings of embryos, including microinjection, cell ablation, and transplantation, were all carried out in a clean bench, and antibiotics (penicillin G and streptomycin, 20 units/ml each) were added to the culture medium. The culture medium containing antibiotics was renewed daily.
Microinjection of fluorescent lineage tracers
Injection micropipettes were prepared by pulling thinwalled capillaries using a microelectrode puller. The fluorescent lineage tracer used in this study was DiI (1,1'-dihexadecyl-3,3,3V,3V-tetramethylindocarbocyanine perchlorate; Molecular Probes, Inc., Eugene, USA). DiI was dissolved in ethanol at 100 mg/ml and stored at room temperature. Before use, an aliquot of this solution was diluted 20 times in safflower oil. Embryos were pressure-injected with oil droplets containing DiI with micropipettes. When introduced onto or into cells, this lipophilic carbocyanine is incorporated into plasma membranes and membranous organelles and diffuses laterally.
DiI-injected embryos were allowed to develop in the dark. They were fixed with 3.5% formaldehyde in phosphate buffer (40.5 mM Na 2 HPO 4 , 9.5 mM NaH 2 PO 4 Á2H 2 O) for 1 h. After being washed thoroughly in three changes of phosphate buffer, the specimens were mounted in phosphate buffer and observed under a Zeiss Axioskop epifluorescence microscope. Some specimens were examined with a Molecular Dynamics Sarastro-2000 confocal laser scanning microscope.
Blastomere ablation
Embryos without vitelline membranes were placed on 2% agar in the culture medium. Blastomeres were killed by making a wound on their surface with fine forceps. Within a minute, the yolk mass of these cells began to coagulate. The coagulating cells were removed by pulling them away from the remainder of the embryo. The operated embryos were allowed to develop in the culture medium containing antibiotics, which was renewed daily.
Blastomere transplantation
Transplantation of blastomeres was carried out according to the method previously described (Kitamura and Shimizu, 2000) with some modifications. Embryos without vitelline membranes were placed on 2% agar in the culture medium. Blastomeres to be transplanted were isolated by killing and removing surrounding cells with fine glass needles. NOPQ cells were isolated through a two-step procedure: First, a pair of sister NOPQ cells that remained unseparated from each other was removed from a donor embryo (Fig. 3A) ; then, one of them was isolated by killing the other (Fig. 3B) . These isolated cells served as donor cells, and for 5 min following isolation, retained their original shape, which allowed us to identify their original polarity. Isolated cells were used for transplantation immediately after isolation.
Host embryos were prepared by removing specific blastomeres. Blastomeres to be ablated from host embryos were killed by making a wound on their surface as described above. Shortly after the cell removal, distinct ''holes'' remained at the site where ablated cells had been present (Fig. 3C) . In this study, such ''holes'' were to serve as mold for transplanted cells (see below). Host embryos thus prepared were individually placed in small holes made in the agar layer. Isolated cells were transplanted into the ''holes'' remaining on the host embryo, and they were oriented with an eyelash so that their anteroposterior axis ran parallel to that of the host embryo (Fig. 3D) . The operated embryos were allowed to develop in the culture medium containing antibiotics, which was renewed daily. Experimental embryos were discarded if transplanted cells failed to adhere to, or to be integrated into the host embryo, or underwent cell division in an abnormal pattern.
Comparison of cell size differences
Comparison of sizes of cells descending from NOPQ cells was performed according to the method described previously (Takahashi and Shimizu, 1997) . Shortly after NOPQ cells divided into two large cells, embryos were fixed with 3.5% formaldehyde for 1 h. After thorough rinsing, fixed embryos were placed on agar bed. Cells descending from NOPQ cells were dissected out from the embryos and oriented so that cleavage planes of NOPQ were vertical to the surface of the agar bed. Cells were photographed and enlarged on bromide paper. Two cells resulting from division of a given NOPQ cell were cut out from bromide papers and weighed, and the area was computed from their weights. Then, the ratio of the area of the two sister cells was calculated. Thus, the cell size we refer to in this study is given as the two-dimensional area of the largest optical sections of individual cells.
Summary of early development of Tubifex
A brief review of the early development in Tubifex is presented here as a background for the observations described below (for details, see Goto et al., 1999a,b; Shimizu, 1982) . Precursors of teloblasts are traced back to the second (2d) and fourth (4d) micromeres of the D quadrant. At the 25-cell stage, 2d 111 (resulting from the unequal divisions of 2d), 4d, and 4D (sister cell of 4d) all come to lie in the future midline of the embryo (Fig. 1A) . 4d divides equally to yield the left and right mesoteloblasts (Ml and Mr); 2d 111 divides into a bilateral pair of ectoteloblast precursors, NOPQl and NOPQr (Fig. 1B) . Ectoteloblasts N, O, P, and Q arise from an invariable sequence of divisions of cell NOPQ on both sides of the embryo (Fig. 2) . After its birth, an NOPQ cell on either side of the embryo undergoes unequal divisions twice to produce small cells, nopq1 and nopq2 (Fig. 2H) , and then divides into a smaller N teloblast and a larger cell, OPQ (Fig. 1C) . In other words, an NOPQ cell undergoes three rounds of mitosis after its birth, and it is the third round of mitosis that gives rise to the production of cells N and OPQ. Similarly, after producing small cells twice (opq1 and opq2; Fig. 2H ), OPQ divides into a smaller Q teloblast and a larger cell, OP (Fig. 1D) . Finally, OP undergoes unequal division four times after its birth (Fig. 2H ) and then cleaves almost equally, yielding the third-born ectoteloblasts O and P (Figs. 1E,F) , at which point teloblastogenesis is complete.
After their birth, each of the teloblasts thus produced divides repeatedly, at 2.5-h intervals (at 22jC), to give rise to small cells called primary blast cells, which are arranged into a coherent column (i.e., a bandlet). Within each bandlet, primary blast cells and their descendants are arranged in the order of their birth. Bandlets from N, O, P, and Q teloblasts on each side of the embryo join together to form an ectodermal germ band (GB), while the bandlet from the M teloblast becomes a mesodermal GB that underlies the ectodermal GB.
Results
Transplanted NOPQ cells and assessment of their polarity
In a preliminary experiment, we isolated a left NOPQ (NOPQl) from an embryo and transplanted it to the position of NOPQl in another embryo (from which NOPQl had been ablated). We found that these transplanted NOPQl generated a full set of ectoteloblasts, which gave rise to the same range of differentiated cells as authentic NOPQl do (data not shown). This suggests that the cell isolation and transplantation procedures introduced in this study do not affect the developmental potential of NOPQ cells subjected to isolation and transplantation.
We also found that when oriented with their anteroposterior polarity in parallel to that of host embryos, transplanted NOPQ divided, along the dorsoventral axis, into two large cells (which correspond to N and OPQ in intact embryos) at about 8 h after its birth (Fig. 3F ). For the convenience of description, we hereafter refer to these two large cells as a Dst cell and a Pxm cell (Fig. 4) . The Pxm cell is a cell that inherits the surface of NOPQ originally facing (proximal to) the midline, and the Dst cell is a cell containing the opposite surface of NOPQ (Fig. 4) . It should be noted here that the two large cells resulting from transplanted NOPQ are designated Dst or Pxm cells according to their original orientations relative to the midline of a donor embryo (i.e., irrespective of their positions relative to the Fig. 4 . Designation of cells Dst and Pxm. The side of an NOPQ cell (NOPQl) proximal to the donor embryo's midline (broken line) is indicated by a cross, and the opposite side (i.e., distal to the midline) is indicated by a dot. When a transplanted NOPQ cell divides into two large cells, one of them, which has inherited the ''distal'' surface of NOPQ, is referred to as a Dst cell, and the other, which has inherited the ''proximal'' surface, is referred to as a Pxm cell, irrespective of the position of these cells relative to the midline of host embryos. midline of host embryos; Fig. 4 ). During the course of this study, we did not find any cases in which transplanted NOPQ cells rotated after they adhered to the host embryos.
In intact embryos, the Dst cell is always an N teloblast and the Pxm cell is an OPQ proteloblast (Fig. 2C ). We regarded this configuration of the two cells (i.e., N and OPQ) as a manifestation of polarity that NOPQ has at the time of its division into these two cells. Similarly, in the following cell transplantation experiments, we assessed polarity of transplanted NOPQ cells according to fates that two large cells (equivalent to N and OPQ in intact embryos) descending from the transplanted NOPQ take on. In this study, we assessed fates of Dst and Pxm cells according to the number of teloblasts and bandlets of blast cells generated from these cells; a configuration consisting of one teloblast plus one bandlet is hereafter called the N pattern or N fate (Fig. 5A) , and a configuration consisting of three teloblasts and three bandlets the OPQ pattern or OPQ fate (Fig. 5C ). In some of the cell transplantation experiments described below, we also assessed fates of Dst and Pxm cells according to compositions and spatial distribution of terminally differentiated cells descending from these cells (see Figs. 5B,D; Goto et al., 1999b) . [In experiments in which either both of sister NOPQ cells, M teloblasts or micromeres were ablated from host embryos, long-term lineage tracing (approximately 7 days) was not feasible.]
Development of early NOPQ cells transplanted to ectopic positions
To determine whether NOPQ cells are already polarized at the time of their birth, we isolated a left NOPQ (NOPQl) shortly after its birth and transplanted it to the position of the right NOPQ (NOPQr) of the host embryo (from which NOPQr had been ablated; Fig. 6B ). The transplanted cell was oriented in the host embryo so that its anteroposterior polarity remained unchanged. We found that the progeny of transplanted NOPQl was confined to the right side of a 7-day-old operated embryo (Figs. 7A,B) and that its distribution pattern was quite similar to that of authentic NOPQr in intact embryos. This indicates that if transplanted to the right side of the embryo, early NOPQl adopts the ''right side fate''.
To verify that NOPQl transplanted to the right side of the embryo acquires the same polarity as that of NOPQr, we followed the fate of Dst and Pxm cells resulting from the division of a transplanted NOPQl (see Fig. 4 ). When either Dst cells (n = 8) or Pxm cells (n = 13) derived from transplanted NOPQl were labeled with DiI and their development was followed, it was found that Dst cells (seven cases) individually gave rise to three bandlets (Fig. 8A) . (In one case, the number of bandlets was unclear.) On the other hand, Pxm cells (12 cases) each gave rise to a single bandlet (Fig. 8C) ; in no case did Pxm cells produce three bandlets. These findings suggest that Dst and Pxm cells descending from NOPQl placed on the right side adopt the OPQ and N fates, respectively. This notion was confirmed by the distribution pattern of the progenies of Dst and Pxm cells derived from transplanted NOPQl. In all cases examined (n = 5), Dst cells contributed cells to the dorsal epidermis, dorsal and ventral setal sacs, and ventral ganglia (Fig. 8B) , suggesting that Dst cells followed the OPQ fate rather than the N fate. Furthermore, progenies of Pxm cells (7/7 cases) contributed cells mainly to ventral ganglia (Fig. 8D) . In no cases did the progenies differentiate to setal sacs, which are known to differentiate from the OPQ cell (Goto et al., 1999b) .
Based on these observations, it is reasonable to conclude that when transplanted to the right side of the embryo, an early NOPQl exhibits features of the authentic NOPQr and that NOPQl is initially uncommitted in terms of division pattern and fates.
To determine whether a transplanted NOPQr also adopts the ''left side fate'' of the host embryo, we isolated an NOPQr shortly after its birth and transplanted it to the left side (i.e., the position of NOPQl) of a host embryo (from which NOPQl had been ablated) and followed the division pattern of Pxm cells derived from the transplanted NOPQr. In most cases (11/15), Pxm cells generated a single bandlet (i.e., in the N pattern); there were no cases in which three bandlets were formed (data not shown). These results suggest that an early NOPQr is not endowed with a rigidly specified polarity and that it is able to adopt the ''left side fate'' of the host embryo if placed to the left side of the embryo.
Polarization of NOPQ cells results in the determination of their division plane
In intact embryos, NOPQ cells undergo unequal division producing a smaller N and a larger OPQ. It was interesting to examine whether NOPQl that has adopted the ''right side fate'' exhibits the division pattern similar to the authentic NOPQl or NOPQr. To do this, we compared the size of Dst and Pxm cells in experimental embryos. The results are summarized in Fig. 9 . Although the size differences varied among embryos, Dst cells were always larger than Pxm cells in every experimental embryos. This result suggests that NOPQl transplanted to the right side of the host embryo undergoes cell divisions in a similar manner to the authentic NOPQr.
The dorsoventral polarity of NOPQ is gradually determined before its division into cells N and OPQ
The above-described experiments show that NOPQ is initially uncommitted in terms of division pattern and fates. It is natural to assume that the polarity along the dorsoventral axis is specified in NOPQ at some time after its birth. We next tried to determine the time when the polarity of NOPQ is specified. For this purpose, we isolated NOPQl at three different stages [i.e., shortly after its birth (NOPQearly), shortly after production of nopq1 (NOPQmid), and shortly after production of nopq2 (NOPQlate); see Fig. 2H ] and transplanted it to the position of NOPQr of a host embryo at the stage of NOPQearly (from which NOPQr had been ablated). Either Dst or Pxm cells derived from the transplanted cells were labeled and their fates were followed as described above.
The results are summarized in Fig. 10 . When NOPQearly was transplanted, nearly all of the resulting Dst cells (7/ 8 cases) exhibited the division pattern of an OPQ cell (Fig. 10A) . Similarly, Dst cells (5/7 cases) derived from NOPQmid individually generated three bandlets. It is notable that Dst cells at these stages never gave rise to a single bandlet. In contrast, most Dst cells derived from NOPQlate individually produced only one bandlet (11 out of 16 cases); there were no cases in which Dst cells gave rise to three bandlets.
Pxm cells derived from NOPQearly (12/13 cases) generated a single bandlet (i.e., in the N pattern; Fig. 10B ). As development proceeded, however, the frequency of cases in which Pxm cells gave rise to single bandlets decreased. Conversely, the frequency of cases in which single Pxm cells gave rise to two or more bandlets significantly increased (Fig. 10B) . These results suggest that as NOPQl undergoes cell division twice to produce nopq cells (see Fig. 2H ), it gradually loses its competence to adopt the ''right side fate'' of the host embryo. This notion was confirmed by the distribution pattern of the progenies of Pxm cells derived from transplanted NOPQl; the frequency of cases in which Pxm cells assumed the N fate decreased as development proceeded (Fig. 10C) .
It should be noted, however, that about 25% of the Pxm cells derived from NOPQlate exhibited the N pattern (Figs. 10B,C) , whereas none of the Dst cells took on the OPQ fate (Fig. 10A) . This difference suggests that the distal portion of NOPQlate is already specified rigidly, while the remaining (proximal) portion of the cell is still competent to adopt the ''right side fate'' to some extent. Fig. 6B ). NOPQ cells to be transplanted were isolated from embryos shortly after their birth (NOPQearly), shortly after production of nopq1 (NOPQmid), and shortly after production of nopq2 (NOPQlate) (see 
Contact between NOPQ cells enables them to become polarized
In the transplantation experiments described above, transplanted NOPQ cells were always placed in contact with NOPQ cells of the host embryos at the midline (Fig. 6B) . Under such conditions, the Pxm cells, which were located distal to the site of contact between the transplanted and host NOPQ cells, were usually found to assume the N fate. This suggests that contact between NOPQ cells enables them to become polarized. To test this possibility, we transplanted an isolated NOPQl to the distal side (i.e., on the leftmost surface) of NOPQl of a host embryo from which NOPQr had been ablated (Fig. 6C) and followed the cells descending from the host NOPQl. Although we did not follow the transplanted NOPQl with a lineage tracer, it was apparent that it underwent cell divisions in a similar fashion to the authentic NOPQl to generate four teloblasts.
At about 8 h after transplantation, the host NOPQl divided, along the dorsoventral axis, into two large cells (i.e., Dst and Pxm cells) in a normal fashion. When Pxm cells derived from the host NOPQl were followed, nearly all of the Pxm cells (9/11 cases) that generated cell bandlets successfully were found with single bandlets (Fig. 11A) ; in no cases did these cells give rise to three bandlets. This suggests that these Pxm cells assume the N fate. Given that the Pxm cells in intact embryos assume the OPQ fate (Figs. 5C,D) , it is apparent that the fate of NOPQ-derived cells depends on their distance from the site of contact between NOPQ cells rather than their position along the embryonic axis. If located distal to the site of contact between NOPQ cells, cells resulting from the division of the NOPQ were usually found to assume the N fate.
Development of ''solitary'' NOPQ cells placed in various positions
In previous studies, we found that even if an NOPQ cell was deleted, the remaining sister NOPQ cell, which remained in the position where it had been, underwent a series of divisions in a normal (or scheduled) fashion and finally generated a full set of ectoteloblasts, which were arranged, along the dorsoventral axis, in the same order as those in intact embryos (Arai et al., 2001; Nakamoto et al., 2000) . These observations suggest the existence of some kind of positional cues other than NOPQ cells that are involved in polarization of NOPQ cells. To investigate this issue, we examined the mode of development of NOPQl transplanted to various positions of host embryos from which both NOPQl and NOPQr had been ablated (Figs. 6D -F) . In this study, we focused on the fates of Pxm cells descending from transplanted NOPQl.
The results are summarized in Table 1 . When NOPQl was transplanted to the left side of a host embryo (Fig. 6E) , the resulting Pxm cells gave rise to three bandlets (viz., in the OPQ pattern). In contrast, Pxm cells derived from NOPQl transplanted to the right side (Fig. 6D) individually produced a single bandlet (viz., in the N pattern). This suggests that NOPQl transplanted to the left side and the right side adopt the ''left side fate'' and ''right side fate'', respectively, in the absence of host NOPQ cells.
In this connection, it was interesting to learn how NOPQl placed centrally (i.e., on the dorsal midline of the host embryo) reacts to the position (Fig. 6F ). Pxm cells of some such reconstituted embryos generated one bandlet (2/8 cases) and others generated three bandlets (2/8 cases). These results reconfirm the previous notion that an early NOPQ cell is uncommitted in terms of division pattern and cell fate. At present, it is not known why Pxm cells descending from NOPQl placed centrally assume two different fates. It is possible that most or all centrally situated NOPQ cells manifest aberrant polarities. Considering the close relationship between the positions where transplanted cells are placed and the fates they follow, however, it is equally possible that NOPQl placed centrally would shift to the left or right during their development to adopt the left or right side fate.
Role for neighboring cells in polarization of NOPQ cells
The aforementioned results raise the possibility that neighboring cells other than the contralateral NOPQ play a role in polarization of NOPQ cells. In intact embryos, NOPQ cells are associated with micromeres on the anterolateral side and with M teloblasts on the posterior side (Fig. 12E) . We next examined whether these cells are involved in the polarization processes in NOPQ cells. 
M teloblasts
To test the possibility of involvement of M teloblasts, we ablated M teloblasts and NOPQr from embryos in various combinations, leaving NOPQl intact (Figs. 12A -C) , and followed Pxm cells descending from the remaining NOPQl. The results are summarized in Table 2 . When NOPQr or both of NOPQr and Ml were ablated (Figs. 12A,B) , most of the resulting Pxm cells exhibited the OPQ pattern and produced three bandlets; there were no cases in which single Pxm cell gave rise to one bandlet. In contrast, if NOPQr, Ml and Mr were all ablated from embryos ( Fig. 12C) , Pxm cells exhibited the N pattern in some of the operated embryos and the OPQ pattern in others. This result is very similar to that derived from the experiments in which isolated NOPQl was transplanted onto the midline of the embryos ( Fig. 6F ; Table 1 ).
It is possible that M teloblasts impose mechanical constraints on NOPQ cells, rather than providing them with positional information. To test this possibility, we transplanted an isolated Mr just behind the NOPQl of a host embryo from which NOPQr, Ml, and Mr had been ablated (Fig. 12D) . Most of the resulting Pxm cells were found to have generated three bandlets (OPQ pattern; 7 out of 10 cases); there was only one case in which a single Pxm cell gave rise to one bandlet (Table 2 ). This suggests that left NOPQ cells that are ''supported'' by transplanted right M teloblasts follow the ''left side fate''. It is unlikely that M teloblasts provide NOPQ cells with either handedness or a mediolateral polarity. Rather, it seems more likely that M teloblasts contribute to the polarization process in NOPQ cells by preventing them from shifting to ''ectopic'' positions. Although the lack of induction of the ''right side fate'' is a negative result, it seems unlikely that it is caused by damage, because transplanted M teloblasts continued to cleave in a normal fashion forming blast cell bandlets (Kitamura and Shimizu, 2000; Shimizu and Nakamoto, 2001 ; Nakamoto, unpublished observation).
Micromeres
In intact Tubifex embryos, early NOPQ cells are associated with micromeres (1c 11 , 1d 11 , 2d 12 , 2d 2 , and 2d 112 ) on their anterolateral side ( Fig. 12E ; for details, see Penners, 1922) . To determine whether the anterolaterally located micromeres have a role in NOPQ polarization, we ablated all of these micromeres from embryos and followed development of the remaining NOPQ cells. Unlike the aforementioned cell ablation/transplantation experiments, however, the removal of the anterolateral micromeres lead to drastic alteration of NOPQ division axis. That is, NOPQ cells in more than 60% of the operated embryos were found to divide into two large cells (at a scheduled time) along the anteroposterior axis, but not along the dorsoventral axis (Figs. 13A,B) . Furthermore, progeny cells of these NOPQ descendants (designated an anterior cell and a posterior cell according to their positions; see Fig. 13A ) were mostly organized in cell clumps (Fig. 13C) ; there were only three cases (3/31) in which teloblasts and associated bandlets were recognizable ( Fig. 13D; Table 3 ). Even if NOPQ cells divided along the dorsovental axis (Fig. 13B) , the resulting cells (Pxm cells) developed into similar cell masses (Table 3) . These results suggest that the division axis in early NOPQ cells is not specified rigidly and that the anterolateral micromeres play a pivotal role in making NOPQ cell divide along the dorsoventral axis. At present, it is unclear whether disorganization of progeny cells of NOPQ results from the altered cell division pattern, the absence of micromeres, or both.
Discussion
The aim of the present study was to seek cellular basis for the generation of bilaterally symmetric organization in the ectoderm of the Tubifex embryo. We focused on the initial stages of the ectodermal teloblastogenesis and investigated the role of cell interactions in specifying the dorsoventral polarity of the NOPQ proteloblasts. Our major findings are summarized as follows. (1) The presumptive dorsoventral polarity of early NOPQ cells can be reversed by placing them on the side of embryo opposite to that where they have been. (2) Similar polarity reversion in an early NOPQ cell is also achieved by bringing its distal side into contact with another (isolated) NOPQ cell. (3) The competence of NOPQ cells to respond to external cues tapers down before their division into N and OPQ. (4) Neighboring cells such as M teloblasts and anterolaterally located micromeres play a role in controlling spatial aspects of NOPQ's behavior that gives rise to their division along the dorsoventral axis. Based on these findings, it is reasonable to conclude that cellular interactions are involved in polarizing NOPQ cell at the initial stage of the ectodermal teloblastogenesis. More specifically, NOPQ cells, which do not initially have a rigidly specified polarity, become polarized through external cues, including signals emanating from their sister NOPQ cells.
At present, nothing is known about the ground (default) state of early NOPQ cells. Upon its birth, the NOPQ cell may be determined as a precursor of ectoteloblasts. However, it is unclear whether early NOPQ cells already possess polarized properties that foreshadow the polarity of teloblastogenesis. Therefore, it remains to be determined whether the external cues endow NOPQ cells with de novo polarity or strengthen (or stabilize) the preexisting polarity of NOPQ cells. This issue would be addressed by culturing early NOPQ cells in isolation. So far, however, our attempts to do so have been unsuccessful; NOPQ cells cultured in isolation underwent cell divisions in an aberrant manner in some cases and ceased dividing in others (unpublished observation).
Polarizing induction
As suggested from the experiments with transplanted M teloblasts, cell contact does not necessarily lead to polarization of target NOPQ cells. It is most likely that NOPQ cells are polarized only when they make contact with specific blastomeres. The present results suggest that there are two separate sources of signals for polarizing induction. One is an NOPQ cell making contact with its sister (target) Fig. 13C . b Anterior and posterior cells were derived from NOPQ cells that had divided along the anteroposterior axis (see Fig. 13A ). c Pxm cells were derived from NOPQ cells that had divided along the dorsoventral axis (see Fig. 13B ). NOPQ cell. The other source is located on the anterolateral side of the NOPQ cell. Although we were unable to identify specific cells for this source, it seems possible that an anterolateral arc of micromeres, which is associated with NOPQ cells, has a role in polarizing NOPQ cells, because these micromeres make contact with NOPQ cells in operated embryos as well as in intact embryos.
Whatever the ''anterolateral'' source, signals from this source conceivably affect the side of an NOPQ cell opposite to that responding to signals from its sister NOPQ cell. Signals from an NOPQ cell may confer the OPQ fate on the side of a target NOPQ facing the source of the signals and the N fate on the opposite side. In contrast, the signals from the ''anterolateral'' source may confer the N fate on the side of a target NOPQ cell proximal to the signal source and the OPQ fate on the opposite side. The signals from these two sources may work synergistically in intact embryos. Even if this is the case, it seems likely that the polarizing induction by an NOPQ cell dominates that via signals from the ''anterolateral'' source. In the experiment in which NOPQl was transplanted to the left side of intact NOPQl of the host embryo (from which NOPQr had been ablated; Fig. 6C ), it was found that host NOPQl, which was surrounded by a normal set of micromeres, exhibited a dorsoventral polarity comparable to that of authentic NOPQr.
Similar polarizing induction has also been reported in several invertebrates. In 4-cell stage embryos of the nematode Caenorhabditis elegans, the E (gut) fate is specified in the side of EMS cell making contact with P2 cell; the opposite side of EMS assumes the MS fate that is distinct from the E fate (Goldstein, 1992) . Interestingly, any side of EMS cell can respond to signal from P2 cell to assume the E fate. Furthermore, the side of EMS cell opposite to the site of contact with P2 is always specified as MS (Goldstein, 1993) . This polarizing induction appears to be mediated by Wnt signaling pathways (Rocheleau et al., 1997; Thorpe et al., 1997) .
In equally cleaving molluscs, one of the four vegetal macromeres (at 32-cell stage) is specified as a D quadrant (i.e., a mesentoblast mother cell) by contact with animal micromeres (Boring, 1989; Martindale et al., 1985; van den Biggelaar, 1996; van den Biggelaar and Guerrier, 1979) . It is well known that the side of the ''responding'' macromere proximal to the site of contact with micromeres assumes a mesentoblast (mesodermal plus endodermal) fate and the opposite side takes on an endoderm fate. This suggests that the interaction with animal micromeres polarizes the responding macromere. At present, however, it is not known whether polarity of the macromere can be altered by changing the position of contact with micromeres.
Polarization of NOPQ cells
What occurs in the NOPQ cell that has experienced a polarizing induction? Although the present study has not addressed this issue, the results obtained provide important implications for several aspects of the polarizing process in NOPQ cells. First, there is a period when presumptive polarity of NOPQ is altered if NOPQ cells are transplanted ectopically. This period appears to extend up to the beginning of the second round of mitosis in the NOPQ cell. Conversely, after this period, presumptive polarity of NOPQ cells that enter the third round of mitosis is no longer altered. These results suggest that NOPQ cells undergo critical events responsible for cell fate decision during the second round of mitosis (i.e., after the production of nopq1; see Fig. 2H ). Second, it is unlikely that cell fate specification occurs simultaneously in the presumptive N and OPQ sides of an NOPQ cell. Rather, it seems that the N fate is specified earlier than the OPQ fate in each cell. It is conceivable that the N fate is specified in the presumptive N side during the second round of mitosis when the cell fate in the presumptive OPQ side remains yet unspecified. Third, the position of the division plane (which divides NOPQ into N and OPQ) is altered according to the polarity an NOPQ cell has. This means that NOPQ's polarity determines the position of mitotic spindles. Considering that cytoskeleton is involved in regulating mitotic spindle placement (Goldstein, 2000; Shimizu et al., 1998) , it is possible that upon induction, cytoskeleton undergoes reorganization according to the cell's polarity that is conferred by inductive signals.
Based on these considerations, a model is proposed for the process leading to specification of the N fate (and the OPQ fate) according to the polarity conferred by polarizing inductions (Fig. 14) . After their birth, NOPQ cells make contact with each other and begin to be polarized by induction signals emanating from the site of contact between the cells (NOPQearly in Fig. 14) . Induction signals also trigger reorganization of the cytoskeleton. NOPQ cells inherit some factor(s) (indicated by shading in Fig. 14) that give a distal cell an N fate. These factors, which are distributed throughout the cell during the first round of mitosis, accumulate, along the asymmetrically organized cytoskeleton, to the distal side (i.e., the presumptive N side) of the cell during the second round of mitosis (NOPQmid in Fig. 14) . This segregation process proceeds rather slowly so that even at the end of the second round of mitosis, a significant portion of the factors is still present in the proximal side (i.e., the presumptive OPQ side) of the NOPQ cell. The segregation of the factors continues during the third round of mitosis, giving rise to the clearance of the factors from the proximal side of the NOPQ cell (NOPQlate in Fig. 14) . Finally, an eccentrically positioned mitotic spindle is formed, and the NOPQ cell divides asymmetrically into a smaller distal cell with an N fate and a larger proximal cell with an OPQ fate.
Key elements of the above-mentioned model are the presence of cell fate determinants, occurrence of their directed segregation, and the induction of cytoskeletal reorganization. Although information presently available on Tubifex embryogenesis does not lend credence to any of these elements, we believe this model could serve as a framework for future studies on embryonic inductions. In C. elegans, it has already been known that establishment of the anteroposterior axis in a zygote is triggered (or induced) by external cues (i.e., fertilizing sperm), accompanied by reorganization of the cytoskeleton, and followed by asymmetric segregation of cytoplasmic material including determinants (Cuenca et al., 2003; Goldstein et al., 1993) .
Comparison with other annelids
As mentioned before, in Tubifex, a pair of ectoteloblast precursor NOPQ cells are derived from the 2d cell and make contact with each other along the midline after their birth. Each NOPQ, which is associated with an anterolateral arc of micromeres, gives rise to four ectoteloblasts. Similar cellular configurations of NOPQ and sequence of ectodermal teloblastogenesis have been reported in a wide variety of clitellate annelids, including enchytraeid Lumbricillus lineatus (Penners, 1930) , tubificid Peloscolex benedeni (Penners, 1929) , lumbricid Eisenia foetida (Devries, 1973) , branchiobdellid Bdellodrilus philadephicus (Tannreuther, 1915) , and leeches Glossiphonia complanata, Theromyzon rude, and Helobdella stagnalis (Fernandez and Olea, 1982; Whitman, 1878) . (Note that cells equivalent to NOPQ and its precursors have been differently designated in different annelids; for review, see Shimizu and Nakamoto, 2001.) Given that leeches and branchiobdellidans form a monophyletic group of oligochaetes (Siddal et al., 2001) , such a mode of ectodermal teloblastogenesis as seen in Tubifex is an ancestral form of oligochaete embryogenesis and has been preserved widely in the Clitellata. At present, however, it is not known whether these cellular interactions in annelids such as those demonstrated in Tubifex are involved in the generation of bilateral symmetry in the organization of the ectoderm. As discussed later, it is equally possible that evolutionary changes in cell interaction networks produce embryonic structures with similar morphological pattern. In this connection, it is interesting to note that the lumbriculid Rhynchelmis and naids Stylaria and Chaetogaster exhibit developmental patterns distinct from those in other clitellates. Rhynchelmis embryos have four bilateral pairs of ectoteloblasts, of which one originates from 2d and the remaining three from 3d (Svetlov, 1923) . Stylaria and Chaetogaster form the segmental ectoderm without production of ectoteloblasts; these two oligochaetes also differ from each other in that the source of the segmental ectoderm is 2d for Stylaria and 1d for Chaetogaster (Davydov, 1942; Svetlov, 1926) . Given that these oligochaetes have a bilaterally symmetric body plan like other clitellates, these exceptional cases suggest that the bilaterally symmetric organization of 2d-derived ectoteloblasts is not solely responsible for the generation of bilateral symmetry in the ectoderm. It will be of interest to determine, in future studies, the extent to which mechanisms for generation of bilateral symmetry in the ectoderm are diverse in the Clitellata. . NOPQ cells inherit some factor(s) (indicated by shading) that give a distal cell an N fate. These factors, which are distributed throughout the cell during the first round of mitosis, accumulate, along the asymmetrically organized cytoskeleton, to the distal side (i.e., the presumptive N side) of the cell during the second round of mitosis (NOPQmid). The segregation of the factors continues during the third round of mitosis, giving rise to the clearance of the factors from the proximal side of the NOPQ cell (NOPQlate). Finally, an eccentrically positioned mitotic spindle is formed, and the NOPQ cell divides asymmetrically into a smaller distal cell with an N fate and a larger proximal cell with an OPQ fate.
